2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. In recent years, there have been many studies on metal/carbon hybrid materials for electrochemical applications. However, reducing the metal content in catalysts is still a challenge. Here, a facile synthesis of palladium (Pd) nanoparticle-embedded N-doped carbon fibers (Pd/N-C) through electropolymerization and reduction methods is demonstrated. The asprepared Pd/N-C contains only 1.5wt% Pd. Under optimal conditions, bisphenolA is detected by using amperometry in two dynamic ranges from 0.1 to 10μm and from 10 to 200μm, and the obtained correlation coefficients are close to 0.9836 and 0.9987, respectively. The detection limit (DL) for bisphenolA is determined to be 29.44 (±0.77)nm.
Introduction
Noble metals have received much attention in many catalyst applicationso wing to their high catalytic activities. [1] Of these materials, platinum (Pt) is used in variousa pplications because of its high activity,b ut it comes at ah igh cost. Many researchers have been studyingv ariousa pproaches to solving the cost problemsb ym odifying materials to increase their surfacea rea, the activity and selectivityo fa ctives ites, and their stability. [2] In particular,t he shape-and size-controlled synthesis of noblemetal nanomaterials has received increasing attention because of their stimulation of catalytic reactions. Another modification methodi st oc hange the material.P alladium (Pd) can be used insteado fp latinum because its catalytic activity can be improvedb ym odifying the material. In addition, Pd-based materials are aboutfive times cheaper than Pt-based materials. [3] Palladium nanoparticles are used widely in applicationss uch as fuel cells, the oxidation of formic acid, and gas sensors. [4] The materials are modified by various methods, and the catalytic activity is highly dependent on the size and morphology of the Pd nanostructures. [4, 5] These play ac ritical role in the performance over aw ide range of applications.P dn anoparticles that are used for composites enhance uniquec atalytic properties. Therefore, metal/carbonh ybrid catalysts such as Pt/ Ca nd Pd/C are of great interest in terms of both increasing catalytic activity as well as decreasing the cost. [6] There are diverser eports showingt he enhanced electrocatalytic performances of metal/carbon hybrid materials, such as in sensors, [7, 8] fuel cells, [9, 10] and energy storage. [11, 12] These catalysts are synthesized by depositing metal nanoparticles (NPs) onto the outer surface, inner surface, or interface of the support. The shapes of the metal nanoparticles or support materials influence their catalytic activity.I naddition, ad ecrease in size of the metallicc atalyst and an increased active area of the support materials improve their performance. As the catalyst active part of the support materials is increased, maintaining and/or improving performance,t he amount of material used decreases. Metal/carbon hybrid materials such as metal/ GO, [13, 14] metal/SWCNT, [12, 15] metal/MWCNT, [16, 17] and metal/ CNFs [18, 19] have already been developed. These materials have been used for the detection of various species. Amongt hem, the detection of bisphenol A( 2,2-bis(4-hydroxyphenyl) propane)i sh ighly important, because bisphenol Ac an lead to health problems such as breast cancer, prostate cancer,b irth defects, infertility,p recocious development in girls, diabetes, and obesity. [20] BisphenolA is one of the raw materials used to produce plastics and resins, and can be used for food containers, drink packaging, and to coat metal products (e.g.,f ood cans, bottle tops). [21, 22] been used for the detection of bisphenolAsuch as separation analysis, [23] fluorimetry, [24] immunoassay, [25] and electrochemical methods. [26] Of these, the electrochemical methodh as more advantages than other methods, such as short analysis time, simplicity,and great sensitivity.B ecause of this, electrochemical sensors using the direct oxidation reaction have been developed to detect bisphenol A, and this methodr equires electrochemically activeelectrode materials. The developmentofelectrode materials is most important for good sensitivity.
Herein, we have focusedo nr educing the amount of Pd and successfully synthesized Pd-nanoparticle-embedded N-doped carbon fibers (Pd/N-C) with aP dc ontent of 1.5 wt %. The Pd/ N-C hybrid materialc ontainsasmall amount of Pd compared with otherc ommercial Pd/C materials. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction( XRD), and Ramans pectroscopy were employed to characterize the Pd/N-Ch ybrid materials. Finally,w es tudied the application of the materials in the detection of bisphenol A.
Results and Discussion
The obtained Pd/N-C hybrid materials were obtained by electropolymerization and reduction methods ( Figure 1a ). The strategy for the synthesis of Pd/N-Ch ybrid materials can be summarized into four simple steps. First, the polyaniline( PANI) fibers were prepared by electrochemical polymerization in acid anilines olution.T hey were deposited on carbonp aper and then stripped and dispersed in water.A fter washing three times,f reeze-drying technology was used to remove the water to prevent the aggregationo ft he PANI fibers. By optimizing the type of acid, unique needle-branched nanostructures of PANI fibers were formed in HNO 3 electrolyte. Secondly,t he polymer precursorw as carbonized in nitrogen at 800 8Cf or 3h,a nd was thus convertedi nto N-doped carbonf ibers. Thirdly,t he resulting carbon fibers were soaked in water by ultrasonic dispersion, and then the quantitative Na 2 PdCl 4 solution was added dropwise with stirring. Finally,t he sample was dispersed in ethanol and reduced in ah ydrogen atmosphere at 30 8Cfor 12 h. The obtained Pd/N-Ch ybrid materials and commercial Pd/C particles were confirmed by SEM (Figure 1b and Figure S1 in the Supporting Information). From these images, it canbeconfirmed that the Pd/N-C hybrid materials have ag reater surface area than commercial Pd/C materials because of the specific shape of the Pd/N-C hybrid materials. Similarly to the shape identified in the SEM images, the unique nanostructural surface on the fibers was also confirmed by TEM observation (Figure 2a,b) . For confirmationo ft he presence of Pd nanoparticles on the Pd/N-Cf ibers, the particles were observed directly by TEM. It was revealed that smallP dn anoparticles are formed on the carbon fibers and are evenly distributed (Figure 2c,d ). The Pd content was determined to be 1.5 wt %b yI CP measurement. Note that the Pd content can be tuned from low to high values by varying the reactant ratios. However,f or ah igh content (> 1.5 wt %), the size of the Pd nanoparticlesw ill increase.B yo ptimizing the electrochemical performances, it was found that the content of 1.5 wt %i st he best value with the highest utilization efficiency of Pd. As seen in the Raman spectra of the Pd/N-Ch ybrid material, two peaks at 1598 cm À1 (G band) and 1320 cm À1 (D band) are observed ( Figure S2 ), indicatingawell-developed carbon matrix. The surface area was calculated to be 31 m 2 g À1 by using the BET method and the obtaineda dsorption isotherm ( Figure S3 ).
Ah igh-resolutionT EM image shows that the size of the Pd nanoparticles is around3nm. The nanoparticles show lattice fringes of around0 .22 nm, which is consistent with the d-spacing for the Pd (111)p lane (Figure 2d ). These images provided direct evidence that the Pd nanoparticles are well-crystalline and faceted. The wide-angle XRD peaks record the crystalline phase of the Pd/N-C hybrid material( Figure S4 ). The peaks of the Pd nanoparticlesc an be assigned to (111), (200), (220), and (311) diffraction peaks of the face-centeredc ubic (fcc)c rystal structure. For further understanding of the Pd/N-Ch ybrid materials,H AADF-STEMi mages and elemental mapping were used, as shown in Figure 3 . The Pd/N-C hybrid materials are composed of C, N, and Pd elements (Figure 3b-d) . It is indicated that Na nd Pd are presento nt he carbon nanofiber.A ss een in Figure 3d ,P dn anoparticles are clearly and uniformly distributed on the N-doped carbon fiber.I ng eneral, porous carbons are well known as catalytic support materials. Among them, Ndoped porous carbon is one of the most interesting materials owing to properties such as enhanced catalytic activity,h igher conductivity,a nd much higher resistance for coarsening. [26] Therefore, it is expected that Pd/N-C hybrid materials will improve the sensitivity for the detectiono fb isphenol Ad espite the lower amount of Pd.
Detailed XPS spectra wereo btained to understand the chemicale lement states of the Pd/N-C hybrid materialf urther. The survey results clearly showt he presence of Pd 3d, C1s, N1s, and O1sf rom the materials (Figure S5 a) . The contentso f N, Pd, and Ca re 5.3, 1.2, and 93.5 wt %, respectively.A lthough severalN -doped carbons by different approaches have been reported, [27] [28] [29] [30] [31] the N-doping is very effective for improving the electricalc onductivity.F igure S5 b-d (in the Supporting Information) reveals the high-resolution C1s, N1s, and Pd 3d spectra of the Pd/N-C material. As seen in Figure S5 b, the high-resolutionC1s spectrum displays CÀC, CÀN, CÀO, and C=Op eaks, located at2 84.8, 285.5, 286.5, and 288.8 eV,r espectively.T he deconvoluted N1sp eak of the Pd/N-C material reveals pyridinic N, pyrrolic N, and oxidized Nl ocated at 398.20, 400.40, and 402.90eV, respectively (Figure S5 c) . The high-resolution Pd 3d The as-prepared electrode using the Pd/N-Ch ybridm aterial was tested for the electrochemical detection of bisphenol A. To realize the best performance, we checked the effect of the loading amount of the sample on the electrode. The Pd/N-C hybrid material suspension (3 mL, 1mgmL À1 )w as dropped on the electrode from one to four times. Then, cyclic voltammograms (CVs) were recorded using the electrodes modifiedw ith differenta mounts of the Pd/N-Ch ybrid materials (3-12 mL) . The resultsr evealed that 9 mL( three drops) waso ptimal (Figure S6) . The Pd/N-Ch ybrid materiala nd commercialP d/C electrodes werea ctivated by scanning the potentialf rom 0.0 to 0.6 Va tas can rate of 0.1 Vs À1 for ten cycles using cyclic voltammetry (CV). After activation, CVs were recorded in 5t o 100 mm by scanning the potential from 0.0 to 0.6 Va tascan rate of 0.05 Vs Figure 4b) . Thus, we achieved av ery high efficiency using the Pd/N-Ch ybrid material with only 1.5 wt %P d. This efficiency is almost the same as that of the commercialm aterialw ith am uch higherP dc ontent (10 wt %P d), which clearly has economic implications.
Chronoamperometric (CA) response curves were obtained with successive addition of different concentrations of bisphenol Ai na0.1 m PBS solution (Figure 4c) . To attain the maximum response current for BPAu sing the Pd/N-C hybrid modified electrode, the experimental conditions were optimized in terms of the startinga nd final appliedp otentials ( Figure S7 ). In this case, the optimized starting and final applied potentials were determined to be + 0.05 and + 0.45 V, respectively.T wo dynamic ranges of the calibration plot for bisphenol Ad etection wered etermined from 0.1 to 10 mm and from 10 to 200 mm, with correlation coefficients of 0.9836 and 0.9987, respectively (Figure 4d ). The two different linear rangesa re caused by the different kinetics at different concentrationso f bisphenolA.T he oxidation kineticsi nt he low-concentration range wered ominated by the adsorption process, whereas the kinetics in the high-concentrationr ange depended on the BPA diffusion and activation by the catalyst. [32] The detection limit )w aters. [33] Further comparison of our performance with previous literature is shown in Ta ble S1 in the Supporting Information. Therefore, Pd/N-C hybrid materials can be used for electrode materials for the detection of bisphenol A.
Conclusion
We have successfully synthesized aP d/N-C hybrid materialb y using electropolymerization and reduction methods. Smallsized Pd nanoparticles were loaded successfully on the carbon fibers. The Pd nanoparticles were distributed evenly on the carbon fibers withouta ny aggregation. The Pd content was determined to be 1.5 wt %f rom ICP measurements. Interestingly,o ur Pd/N-Ch ybrid material shows very high efficiency, even thought he loading amount of Pd is only 1.5 wt %, which is much lower than that of commerciallya vailable materials. The Pd/N-C hybrid modified electrode showedt wo dynamic ranges from 0.1 to 10 mm and from 10 to 200 mm,with ad etection limit of 29.44 (AE 0.77) nm.
Experimental Section
Chemicals and materials Aniline (C 6 H 5 NH 2 ,J IS Special Grade) and nitric acid (HNO 3 ,J IS Special Grade) were purchased from Wako Pure Chemical Industries, Ltd. Carbon paper (CP) was provided by To ray (Japan). Sodium tetrachloropalladate(II) (Na 2 PdCl 4 ,9 8.0 %), monosodium phosphate (NaH 2 PO 4 ), disodium phosphate (Na 2 HPO 4 ), and bisphenol Aw ere obtained from Sigma-Aldrich. Phosphate buffer solution (0.1 m, pH 7.4) was prepared by mixing solutions of 0.1 m NaH 2 PO 4 and 0.1 m Na 2 HPO 4 .
Synthesis of Pd/N-C catalyst
PANI fibers were prepared through the galvanostatic method at a current density of 2mAcm À2 for 2h on ac arbon paper (CP) electrode. Before use, the CP was treated at 500 8Ci na ir for 1.5 ha nd washed with concentrated acid. The treated CP was used as the working electrode and the counter electrode, and as aturated calomel electrode (SCE) was used as the reference electrode. The electrolyte was prepared by dissolving HNO 3 (3.7 mL) in H 2 O( 44 mL), and then adding aniline (2.3 mL) to form au niform solution. After electrochemical polymerization, PANI fibers were stripped from the CP and dispersed in water by ultrasonication. They were washed three times and freeze-dried for 24 h. The obtained polymer powder was then carbonized at 800 8Ci naN 2 atmosphere for 3h and converted into N-doped carbon. Next, the as-prepared carbon powder (40 mg) was dispersed in H 2 O( 40 mL) with ultrasonication for 2h.N a 2 PdCl 4 (1.67 mg) was dissolved in H 2 O( 40 mL). The Na 2 PdCl 4 solution was then added dropwise to the carbon powder suspension. The sample was stirred for 2h and washed three times, then dispersed in ethanol (20 mL) and transferred into a flask linked with ah ydrogen balloon. The sample was reduced by hydrogen at 30 8Cf or 12 hw ith stirring. Then, the Pd/N-C catalyst was obtained after washing and vacuum drying.
Instruments
As creen-printed carbon electrode (SPCE) was used for the detection of bisphenol A. The area of the exposed working electrode that contained the carbon was 0.03141 cm 2 .F irst, colloidal Au NPs in solution [34, 35] were dropped onto the SPCE and dried. Secondly, the Pd/N-C hybrid (or commercial Pd/C) materials were dropped on the Au NP-modified SPCE and dried. The reference electrode was Ag/AgCl, and the counter electrode was pure carbon. [36, 37] Amperograms and cyclic voltammograms (CVs) were recorded with a potentiostat/galvanostat (Ivium, Netherland). Microstructures were examined by TEM (JEOL ARM-200F,J apan) and SEM (JEOL JSM-7500). The surface area was calculated by the BET method using the obtained adsorption isotherm (BELSORP-mini II, MicrotracBEL Corp.). Wide-angle powder XRD patterns were measured with a GBC MMA XRD at as canning rate of 28 min À1 .R aman spectroscopy was obtained with aJ YHR800 instrument (HORIBA, Japan). XPS experiments were performed with aV GS cientific ESCALAB 2201XL instrument.
